A facile synthesis of Tyrian purple, a valuable purple dye derived from gastropod mollusks in ancient times, has been accomplished. Tyrian purple, 6,6¢-dibromoindigo, was easily obtained by three steps of reactions from the commercially available 6-bromoindole, on the basis of a biosynthetic pathway of indigo and biological precursors of the purple. Iodination of 6-bromoindole, followed by acetoxylation with silver acetate in acetic acid, afforded 6-bromo-3-acetoxyindole, whose alkaline hydrolysis accompanying air oxidation produced Tyrian purple.
INTRODUCTION
Tyrian purple, royal purple and ancient purple are all synonyms for a dye of molluscan origin and were used as valuable purple dyes of garments for ancient exalted personages such as princes and nobles in the districts along the Mediterranean. 1, 2 Precursors of Tyrian purple are contained in the hypobranchial glands of various species of gastropods of the families Muricidae and Thaidinae, and converted into Tyrian purple by the action of sunlight and purpurase. 3, 4 In 1909, Friedländer isolated 1.4 g of the dye from 12 000 specimens of the gastropod Murex brandaris and identified it as 6,6¢-dibromoindigo (1) (Fig. 1) . 5 A number of attempts to synthesize Tyrian purple have already been made. Bromination of indigo takes place at the 5,5¢-or 7,7¢-positions, 6 thus suggesting that 1 cannot be prepared by direct bromination of indigo. Successful syntheses of 1 reported thus far required many steps because of the use of di-or tri-substituted benzenes as the starting materials, [7] [8] [9] with only one exception. 10 As Tyrian purple has been attracting great interest in various fields, 1,2,11-14 its facile synthesis is required. We now report a convenient synthesis of Tyrian purple from the commercially available 6-bromoindole.
MATERIALS AND METHODS

General procedure
Unless otherwise noted, all materials were of reagent grade and used without further purification. 1 H and 13 C nuclear magnetic resonance (NMR) spectra were recorded on a JEOL JNM-A500 spectrometer (Jeol Co. Ltd, Tokyo, Japan) in CDCl 3 solutions using (CH 3 ) 4 Si as an internal standard. Electron impact mass spectra (EIMS) were measured with a JEOL JMS-SX 102A mass spectrometer (Jeol Co. Ltd). Infra-red (IR) spectra were recorded on a Shimadzu IR 470 spectrometer (Shimadzu Co. Ltd, Kyoto, Japan 
Hydrolysis of 3-acetoxy-6-bromoindole
To a solution of 11 (53.7 mg, 0.211 mmol) in ethanol (5 mL) was added aqueous 1 M sodium tive column chromatography, Wakogel C-200 silica gel was employed. 3-Acetoxyindole and 6-bromoindole were purchased from Tokyo Kasei Kogyo Co. Ltd (Tokyo, Japan).
Hydrolysis of 3-Acetoxyindole
To a solution of 3-acetoxyindole (8)
Melting point > 300∞C. IR n max (KBr) 3270 (NH), 1625, 1613, 1482, 1460, and 1071 cm -1 .
Preparation of 3-acetoxy-6-bromoindole
To a solution of 6-bromoindole (9) (200 mg, 1.02 mmol) and sodium hydroxide (41 mg, 1.02 mmol) in methanol (10 mL) were added iodine (259 mg, 1.02 mmol) and an aqueous solution (2 mL) of potassium iodide (169 mg, 1.02 mmol). After the mixture was stirred at room temperature for 3 h, water was added. The resulting precipitate was collected by filtration, washed with water, and dried to obtain 6-bromo-3-iodoindole (10), which was used for the following reaction without purification because of its lability. Silver acetate (341 mg, hydroxide (10 mL). After the mixture was stirred at room temperature for 2 h, water was added. The resulting precipitate was collected by filtration, washed with water, and dried to give 6,6¢-dibromoindigo (1) 
RESULTS AND DISCUSSION
Ensley et al. proposed a biosynthetic pathway for indigo as shown in Fig. 2; 15 tryptophan is transformed with tryptophanase into indole, which is then hydroxylated with naphthalene dioxygenase to give 2,3-dihydroxyindoline. Elimination of water from the indoline gives indoxyl (2), which is air oxidized to afford indigo (3). Fouquet et al. reported that four chromogens 4, 5, 6, and 7 (Fig. 3) were present in the ratio of 4.5 : 0.5 : 3 : 2 in the methanol extracts of Murex trunculus. 16 The chromogens 4 and 6 were reacted anaerobically in the dark at pH 7.4 with the enzyme purpurase to give 2 and 6-bromoindoxyl, respectively, which were then converted to 3 and 1, respectively, aerobically in the dark taking up 1 mol O 2 /mol dye.
A synthesis of Tyrian purple was attempted on the basis of the results mentioned earlier. As 2 and 6-bromoindoxyl are labile, we used their esters as starting materials. The commercially available 3-acetoxyindole (8) 17 was hydrolyzed with aqueous 1 M sodium hydroxide at room temperature for 2 h to afford 3 in 86% yield as shown Fig. 4 . This result indicates that spontaneous air oxidation and dimerization took place after alkaline hydrolysis.
We next applied this hydrolysis to a synthesis of Tyrian purple (Fig. 5) . Treatment of the commercially available 6-bromoindole (9) with iodine (1 equivalent), potassium iodide (1 equivalent), and sodium hydroxide (1 equivalent) in methanol at room temperature for 3 h produced 3-iodo-6-bromoindole (10), which was used for the following reaction without purification because of its lability. The structure of 10 was determined by NMR spectroscopy. The C-3 signal of indole derivatives is always observed much more upfield than the C-2 signal. For example, in 9, the C-3 signal was observed at d 102.8, whereas the C-2 signal appeared at d 124.8. Moreover, the signal of the iodinated carbon in iodobenzene is shifted upfield by 34.1 p.p.m. relative to that of benzene (d 128.5). 18 Consequently, the signal at d 57.6 in 10 was assigned to that of C-3, thus indicating that iodine was located at the 3-position.
The indole 10 was treated with silver acetate (2 equivalent) in acetic acid at 90∞C for 1 h. As expected, the reaction proceeded regioselectively at the 3-position of 10 to produce the desired 6-bromo-3-acetoxyindole (11) in 63% yield from 9. Hydrolysis of 11 was carried out in aqueous ethanol containing sodium hydroxide at room temperature for 2 h to give Tyrian purple (1) in 68% yield. It was difficult to measure the NMR spectrum of 1 because the dye was insoluble in all solvents tested. Analytical data (IR and mass spectrometry) of 1 were consistent with those reported previously for synthetic Tyrian purple. 19 In conclusion, a convenient synthesis of Tyrian purple has been developed on the basis of a biosynthetic pathway. The advantages of the reaction are short steps using commercially available starting materials and easy work-up procedures. The versatility and applicability of this methodology for the construction of related compounds is currently under investigation. 
